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Abstract 
Loss of mirror reflectivity due to soiling at Concentrated Solar Power (CSP) plants is a significant consideration for design and 
operation of the plant. Increasingly, a bankable case for establishment of a new plant will include an evaluation of the cleanliness 
of the proposed site in addition to the solar resource assessment. The nature and quantity of atmospheric fallout is site specific 
and generally has a seasonal cycle. We describe an effort which has been underway for more than a year now for a candidate 
CSP site cleanliness assessment using dust buckets and loss of reflectivity on mirror samples installed at the site. The loss of 
reflectivity due to soiling was measured on a monthly cycle using a portable, imaging instrument that was designed and built for 
this purpose. The design of the instrument is described and typical results are presented. 
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1. Introduction 
Concentrating Solar Power (CSP) plants use optical components, usually mirrors, to concentrate solar radiation at 
a comparatively small, high temperature receiver where it is converted to heat. The heat is transported to a heat 
engine, typically a turbine and generator for conversion to electricity or to a heat storage reservoir [1]. 
CSP relies on clear-sky, direct solar irradiance, since achieving the high temperatures needed for efficient 
operation relies on optical projection of the solar disk onto the receiver. The effective mean specular reflectivity of 
the mirrors in a CSP system is directly linked to the plant output. A given percentage loss of mirror reflectivity due 
to environmental degradation or soiling of the mirrors translates to roughly the same percentage increase in the 
Levelised Cost of Electricity (LCOE) which is the prime measure of the viability of the plant [2]. 
Evaluation of candidate sites for CSP plants is a comprehensive process that must permit implementation of 
complete physical and financial models which underpin the case for investment in establishment and operation of the 
plant. The environmental effects on the plant are a key consideration and this extends to the rate of mirror 
reflectivity loss due to fallout of environmental contaminants. The required frequency and associated cost of mirror 
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cleaning relative to the loss of revenue due to reduced energy harvested is an important consideration in the costing 
of the plant, especially in desert environments where water is usually a scarce resource. However, reflectivity 
management is an operational function of the plant which extends beyond cleaning of the mirrors. It comprises 
everything from mirror selection for long lifetime in the given environment through to elements of the plant design 
such as a water demineralization and storage facilities as well as monitoring and defensive policies. Reflectivity 
conservation would involve both tactical and strategic elements based respectively on knowledge of immediate 
conditions (e.g. weather conditions) during operation and knowledge of various aspects of the climatology at the site. 
Prevention of mirror breakage would be another element. 
Given the significance of reflectivity management, the project owners commissioned a study of the rates of mirror 
reflectivity loss due to soiling at the candidate site near Kathu (Lat: 27.70° S, Lon 23.05° E) in the Northern Cape, 
South Africa. The location lies in the semi-arid southern Kalahari region which is a preferred environment for utility 
scale CSP plants. In August 2011, a rack of mirrors samples was installed at the site and monthly visits have been 
undertaken to measure the loss of reflectivity due to soiling using a custom, portable, imaging reflectometer 
instrument. This paper reports the design of the instrument and typical results are presented. 
2. Reflectometer design 
A number of portable instruments used for reflectance measurements exist. These include the Devices and 
Services® model 15R-USB, the Abengoa Condor® SR-6.1 portable reflectometer [3] and the Surface Optics 
Corporation® 410-SOLAR handheld reflectometer. These are described and compared in [4]. Since it was 
considered highly desirable to capture images of the mirror contaminants as well as to perform quasi-
monochromatic reflectivity loss measurements, it was decided to develop a custom imaging reflectometer for this 
project. A custom camera system based on a commercial Digital Single Lens Reflex (DSLR) camera was designed 
and constructed. The camera system is attached to a stainless steel baseplate with a set of alignment adjustment 
screws which can be set and locked. This provides permanent alignment and makes the camera quick and easy to 
use. Figure 1 shows the optical layout of the DSLR-based imaging reflectometer and the Computer-Aided Design 
(CAD) model of the system. The system includes a white Light Emitting Diode (LED) with a collimating lens to 
simulate direct solar illumination. 
 
 
Fig. 1. (a) DSLR-Based Contamination Camera Optical Layout; (b) CAD View of DSLR-Based Dust Camera. 
 
The light source comprises a cool white Philips® LumiLEDs Luxeon Rebel Light LED which is collimated using 
an achromatic doublet lens to simulate the solar disk. The collimated beam then reflects off the mirror sample under 
examination at incidence angle of θi = 45˚ and is then reimaged on a small aperture to simulate the solar receiver. 
 D.J. Griffi th et al. /  Energy Procedia  49 ( 2014 )  1371 – 1378 1373
The size of the aperture was made adjustable by using an iris diaphragm. This iris diaphragm aperture rejects any 
light not reflected within a small angle φ (the acceptance angle, see Figure 2) of the specular direction. The iris 
aperture was fixed for the entire campaign, giving an acceptance angle of φ = 0.9˚ which is 16 mrad. This is about 
30% larger than the general figure of φ = 12.5 mrad suggested by Meyen et al. [5] as appropriate for parabolic 
trough technology (which is the anticipated architecture at the candidate site), but less than the acceptable maximum 
of φ = 23 mrad they give for field measurements of soiling.  
The linear Field of View (FOV) sampling area of the mirror is 17.7 mm by 16.8 mm for an area of ~300 mm2.  
 
 
Fig. 2. Specular Reflection Vector Diagram. 
The DSLR chosen for this application was the Nikon® D90. The spectral response functions of the D90 were not 
available but measurements of the spectral response functions of the Nikon® D70 have been made and are shown in 
Figure 3 together with the ASTM G-173 reference solar spectrum. 
As suggested in the guidelines for characterising CSP mirrors, the parameters needed to standardise the 
characteristics of a solar mirror material include the wavelength range of 280 – 2500 nm, incident angle (θi) less 
than 15˚ from the plane normal with the mirror surface and an acceptance angle φ ≈ 12.5 mrad [5]. The incident 
angle of the beam at the mirror sample is θi = 45˚, which is substantially higher than the guideline of θi < 15˚. Higher 
angle of incidence for soiling measurements is important to consider, since parabolic trough mirrors are utilised at 
substantial angles of incidence. Our calculations indicate that for typical parabolic troughs at the latitude of the 
current site, measurement at 45˚ incidence is justifiable. The angle of incidence is a more important consideration 
for soiling measurements than for general reflectivity measurements. This arises because the soiling materials are 
generally three-dimensional particles on a two-dimensional mirror surface. Whereas the effective mirror area 
declines with the cosine of the angle of incidence, the soiling particles tend to present an optical cross-section 
independent of the angle of incidence (sparse particle regime). Hence soiling losses can have stronger dependence 
on incidence angle than the native reflectivity of the mirror. 
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Fig. 3. Spectral Response Functions of the Nikon D70. 
With regard to the acceptance angle, Crawford et al. compared the D&S® 15R instrument with an acceptance 
angle of φ = 46 mrad to the Abengoa Condor® SR-6.1 with an acceptance angle of 408 mrad and they found that the 
results compared well [4]. This may mean that measurements of reflectivity loss due to soiling are not strongly 
dependent on the acceptance angle, φ, assuming the rather high value of 408 mrad is correct. 
3. Methodology 
The core objective was to determine the rate of reflectivity loss in the field. To achieve this, the study comprised 
the installation of a rack holding a set of mirrors samples in various orientations and monthly visits to the site to 
measure the loss of reflectivity as well as to make other relevant observations. The mirror samples, supplied by 
Flabeg®, were installed on the rack on 24th August, 2011, as shown in Figure 4. Measurement started two weeks 
after installation. Measurements made up to the 28th of August, 2012, are discussed. 
The measurements are made by first cleaning an area of the mirror sample to serve as a reference, then capturing 
images of the clean reference and contaminated areas of the mirror sample. Every image was preceded by a dark 
reference image captured with the LED switched off. The procedure involved taking three clean area measurements 
(each with dark reference) moving the camera by at least one linear FOV between measurements, followed by three 
contaminated area measurements (each with dark reference). The process was then repeated for a total of 24 images 
(dark and light) and six sample areas each on the clean and contaminated areas. This corresponds to a total sample 
area of about 1800 mm2 on each mirror panel of 20 cm by 30 cm. Images are always captured in the RAW camera 
mode, in this case the Nikon Electronic Format (NEF) in order to preserve radiometric linearity. During 
measurements, care was taken not to disturb the mirror contaminants. 
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Fig. 4. Mirror Rack Populated with Samples. 
The reflectivity loss is then computed as the average pixel value in the contaminated image divided by the 
average pixel value in the clean reference. The dark reference is subtracted from each corresponding light image 
before processing. The results were combined into a single average measurement for the colour channel as shown in 
equation 1. 
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where, n is the total number of pixels and DN is the digital number (pixel value). The mirror reflectivity loss is 
computed by averaging the results from the red, green and blue colour channels of the DSLR camera. 
This gives results that are representative of the reflectivity loss in the Visible (VIS, 380 nm to 780 nm) spectrum, 
but provides no coverage of the rest of the shortwave solar spectrum which extends to 2500 nm. Wide angle scatter 
of light from particulate contaminants is more severe for smaller particles and shorter wavelengths. Therefore, 
measurements made in the Ultraviolet (UV, 300 nm to 380 nm) and VIS spectral regions will give a worst case. As 
it turned out, the wavelength trend in reflectivity loss, analyzed by comparing the results from the red, green and 
blue camera channels was found to be weak. The phase function of light scatter from haematite and silica particles 
computed with Mie theory can help with estimating how scatter in the visible spectrum relates to scatter in the Near 
Infrared (NIR, 780 nm to 1000 nm) and Shortwave Infrared (SWIR, 1000 nm to 3000 nm) spectral regions. 
4. Results 
Sample images of soiling measurements are shown in Figure 5(a) and the type of particles forming soiling on the 
mirrors is shown in Figure 5(b). Some typical soiling materials included bird droppings, spider webs, insect 
carcasses and pollen. After an analytical investigation, it was found that the most dominant soiling material was 
hematite-rich (Fe2O3) particles. This material may have originated chiefly from the Sishen iron ore mine to the south 
of the test site, or it may simply be representative of the generally iron-rich environment. 
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Fig. 5. (a) Sample Image from Contamination Camera System; (b) Collected Soiling Materials. 
The average daily absolute percentage loss of reflectivity results are shown in Table 1 and Table 2. The 2 weeks 
exposure where achieved by initially covering some mirrors and removing the covers 2 weeks prior to 
measurements. There were instances when covered mirrors were exposed to the environment for less than or more 
than two weeks. 
Table 1. Daily Mean Percentage Reflectivity Loss Results for 1 Month Exposure. 
Measurement Date West-Facing Top-Facing East-Facing Mean Loss (%) 
2011-10-07 0.32 0.83 0.41 0.52 
2011-11-08 0.44 0.70 0.56 0.57 
2011-12-07 0.14  0.38 0.15 0.22 
2012-01-27 0.15  0.49 0.31 0.32 
2012-03-12 0.22 0.59 0.24 0.35 
2012-04-11 0.28  0.46 0.32 0.35 
2012-05-09 0.36 0.53 0.31 0.40 
2012-06-11 0.23 0.60 0.38 0.40 
2012-07-09 0.79 0.68 0.20 0.56 
2012-08-10 0.86 1.75 0.79 1.13 
 
These results suggest that the reflectivity loss for horizontal (top-facing) mirrors occurs at approximately double 
the rate of that for mirrors tilted at 45° to the East or West as shown in Figure 6(a). The data for mirrors exposed for 
approximately one month shows a small overall difference between East and West-facing mirrors, and that East-
facing mirrors are slightly less soiled on average. On a few measurement occasions, a large and systematic 
difference between East and West-facing mirrors was observed. 
Table 2. Daily Mean Percentage Reflectivity Loss Results for 2 Weeks Exposure. 
Measurement Date West-Facing Top-Facing East-Facing Mean Loss (%) 
2011-09-08 0.54 0.80 0.53 0.62 
2011-10-07 1.32 - 1.40 1.36 
2011-12-07 0.11 0.55 0.28 0.31 
2012-02-13 0.33 0.72 0.29 0.45 
2012-08-27 0.31 1.10 0.71 0.71 
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Table 2 shows the daily reflectivity loss rates for exposure periods of 9 to 15 days. These results are slightly 
higher on average than those for the 1 month exposure samples shown in Table 1. Two periods are of special 
interest, namely measurements on 2011-12-07 and 2012-08-27 when the mean reflectivity loss rate was around half 
on the West compared to the East as shown in Figure 6(b). 
 
 
Fig. 6. Plots of the Daily Mean Reflectivity Loss Results for 1 Month Exposure. 
Experience gained during this campaign has shown that episodes of high rates of reflectivity loss due to soiling 
will occur. In this case, such an episode was captured on the last site visit which occurred over two days, 27th and 
28th August, 2012. All mirror samples were measured and cleaned on the 27th of August and some light rain 
occurred overnight. Some of the mirror samples were measured again on the 28th August and the reflectivity loss 
was 1.4% for West, 5.3% for Top and 2.7% for East in a single day. This demonstrated that light rain, enough to wet 
the mirrors so that they are susceptible to particle capture but not enough to cause a natural washing effect, is a high 
risk event for episodic soiling. This variety of severe episodic soiling has been reported at the Kramer Junction 
SEGS plant in [2]. 
5. Conclusions and recommendations 
This paper has discussed the design and development of a customised imaging reflectometer for mirror soiling 
measurements. This DSLR camera based-system was successfully used for a period spanning a year to measure the 
reflectivity loss of sample mirrors used for CSP projects. Analysis of the captured data led to the following 
conclusions: 
 
x For sample exposure periods of between 9 and 30 days, the mean rate of loss of specular reflectivity was at the 
level of 0.5% per day (see Tables 2 and 3). For a plant on a 10 day mirror cleaning cycle, this translates to an 
average of 97.5% reflectivity of the mirror array relative to the clean state. 
x Occasional, short duration episodes of substantially higher rates of reflectivity loss than 0.5% per day will occur. 
This is not unique to this location and has been reported at other CSP plant locations. There is currently 
insufficient data to estimate the frequency or severity of such events. 
x The overall experimental strategy has provided useful insights and information regarding the soiling levels and 
patterns at the candidate site. 
x Reflectivity loss due to soiling in general proceeds at the highest rate for freshly cleaned mirrors. 
x The soiling material at this site appears to contain a very high percentage of haematite, most likely originating at 
the Sishen open cast mine from blasting and general operations. 
 
These conclusions led to a number of recommendations, including that of adopting a system engineering 
approach towards plant design and maintenance, and synergy between mine management, land owners and the CSP 
facility operators. On the technical side, there is a need to monitor Aerosol Optical Depth (AOD), wind speed and 
direction around the site in order to assess the risk of soiling.  
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Verification of the results obtained using this instrument with other available instruments will be beneficial to the 
development of soiling measurements in CSP research.  
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